We have investigated and exploited a new photochemical route to hydrated electrons, which are among the strongest reductants known and can even be used for direct carbon dioxide and nitrogen fixation.
Introduction
A sarcasm often ascribed to Liebig 1 but actually some 150 years older and due to Kunckel 2 ridicules the idea of a universal solvent (i.e., one capable of dissolving everything) by asking how to store it. The same dilemma would seem to exist for a universal reductant, but here the loophole is to release it from a stable precursor only on demand and in situ.
The hydrated electron e
•− aq comes close to being such a universal reductant in a medium of biological and environmental importance, because its standard potential of −2.9 V (ref.
3) empowers it to reduce "nearly everything". Relevant examples start with the preparation of radical anions that cannot be obtained through excitation of their parent compounds, 4 continue with the degradation of pharmaceutical pollutants, [5] [6] [7] rise to the detoxification of halogenated [8] [9] [10] [11] [12] as well as nonhalogenated 13 persistent organic waste, and finally culminate in the fixation of molecular nitrogen 14 or carbon dioxide. 15 These highly promising applications raise the question of suitable precursors for e
•− aq , which decomposes even its own solvent, water, on a millisecond timescale. 3 Radiolysis is an effective means to liberate the super-reductant e
•− aq from water itself 5, 6, 12, 13 but affords several other reactive intermediates as well, 3 thus complicating the systems; furthermore, the generation of ionizing radiation incurs safety and security hazards and is technically demanding in its timeresolved version. Much easier to handle is the access to e
•− aq through photoionization. Many simple species such as iodide, 11, 14, 15 sulfite, [7] [8] [9] hexacyanoferrate, 10 and even water 16 have been employed for that purpose but require excitation by UV-C light, which is often strongly absorbed by the substrates intended to react with e However, the electrons attach chemically to these two solvents, 19, 20 and the strong absorptions of the stilbene radical cation-the photoionization by-product-obliterate the UV and visible range, so have to be removed by adding also a nucleophile; the former effect made it impossible to obtain calibrated spectra, and both features increase the mechanistic complexity.
In our quest for a way to transfer this technique to water, where e
•− aq is an extremely well-characterised and relatively long-lived unique species, 3 we discovered that the ascorbate dianion Asc 2−
, which we had previously utilized as a sacrificial donor in catalytic photoionization cycles, 17, 18, 21, 22 can itself be ionized with a 355 nm laser. Being a bioavailable and completely nontoxic substance, this extremely inexpensive precursor obviously provides sustainable access to e
•− aq , and its photoionizability in the UV-A avoids all potential issues associated with radiolysis or UV-C excitation. As we will show, its ionization by-product Asc
•− also causes no problems, neither through its absorption nor through its reactivity; this contrasts favourably both with the above-mentioned stilbene (or the multitude of other organic compounds that are photoionizable with 355 nm but bring with them the same difficulties) and with NADH, which despite its price would also qualify as a sustainable near-UV source of e
•− aq but perturbs the spectra by strong and time-dependent absorptions over the whole observation range owing to a protonation equilibrium of its radical. 23 In this work, we have thoroughly characterized the 355 nm photoionization of Asc 2− and developed it into a routine method for preparing precisely defined concentrations of radical anions. This approach immediately yields reliably calibrated absorption spectra of these species and, in consequence of the virtual nonreactivity of the counter-radical Asc •− , opens the way to investigate their subsequent thermal reactions or their photochemistry as if in an isolated system. Our examples include radical anions that cannot be obtained through electron-transfer quenching of their excited parent compounds because of competing photochemical reactions or because they lie too high in energy, as well as radical anions for which this standard route is viable but gives spectra that are complicated by the absorptions of earlier intermediates or are difficult to calibrate because of incomplete charge separation. Finally, we demonstrate the value of our new electron source for environmentally-relevant application by decomposing chloroacetate, a popular model reaction for the elimination of halogenated organic pollutants from drinking water. 21, 22 we recently observed that the red shift of the absorption band by about 40 nm (see, the ESI †) and the decrease of the redox potential associated with the second deprotonation step suffice to extend the photoionizability of the dianion Asc 2− not only to 308 nm but also to 355 nm. 22 In this section, we present a comprehensive investigation of this ionization at the latter wavelength in the near UV. The transient absorption spectrum of a strongly basic ascorbate solution directly after a 355 nm laser flash is the superposition of two bands (see the main plot of Fig. 1a) . The first, with the maximum at 720 nm and extending over the whole visible range, clearly belongs to the hydrated electron e
•− aq , as follows from the known spectral characteristics and the complete removal of this band when the solution is saturated with the specific electron scavenger N 2 O. 3 The second, centered at 360 nm and with a full width at half maximum of only 50 nm, is due to the ascorbate radical Asc •− ; it is identical to the signal we observed when we photoionized Asc 2− with 308 nm (ref. 22) or employed ascorbate to quench oxidizing radicals. 22, 26 To separate the two bands, we first recorded the electron spectrum free from absorbances of any other species by photoionizing mere water at the same pH with 266 nm. 16 Scaling the result of that control experiment C(λ) with a factor n to match the experimental spectrum of the ascorbate sample E(λ) in the region above 500 nm yields the spectral contribution of e
•− aq , and taking the difference E(λ) − nC(λ) then yields that of Asc
•− . This straightforward procedure does not rely on any assumptions, and is obviously valid at all points of time after the laser flash. The main plot of Fig. 1b displays the dependence of the electron yield on the laser intensity. For instrumental reasons, we observed e •− aq not at its spectral maximum but at 824 nm. 22 To obtain the electron concentrations, we used the widely accepted molar absorption coefficient at maximum, 22 700 M −1 cm −1 , 28 which after application to C(λ) gave values of 16 900 M −1 cm −1 and 1500 M −1 cm −1 at 824 nm and 360 nm.
The intensity dependence exhibits only a minute upward curvature, but the negative intercept when it is fitted by a straight line clearly identifies the ionization as biphotonic, 29 as described by eqn (1),
The extremely small molar absorption coefficient of Asc Even at our very high pH, the primarily formed radical anion is immediately monoprotonated to give the neutral radical BipyH
• (for the formula, see Fig. 2b ), which then undergoes disproportionation. 33 Obtaining a calibrated absorption spectrum of BipyH • by the traditional photochemical method (excitation of Bipy in the UV-B or UV-C followed by intersystem crossing and electron transfer from a suitable donor to the triplet) is made difficult by the very similar spectra of the triplet and the radical; 34 furthermore, we found that laser flash photolysis at 308 nm or 266 nm also generates some amount of e
•− aq through photoionization of the triplet, so produces not only an additional amount of BipyH
• that is difficult to quantify but also unwanted absorptions due to its radical cation. The ascorbate access to BipyH • circumvents all these problems because it uses 355 nm. With this method, the electron decay, normalized to the concentration immediately after the laser flash, is extracted by forming the expression (A − A ∞ )/(A 0 − A ∞ ), where A is the timedependent absorbance at the observation wavelength for e increase of the absorbing product(s) through scavenging, therefore is not restricted to first-order kinetics. Complications can arise when the radical anion is not stable. In that case, the contributions of it and of its subsequent products to A should be minimized by choosing a suitable observation wavelength. Obviously, this is facilitated by the intense, yet very broad, absorption band of e
•−
aq , which provides a window at least 300 nm wide for sensitive monitoring. In the case of BipyH aq -a minor effect even in the absence of an additive, as the inset of Fig. 1a evidences-can be eliminated in an equally simple manner because it is an apparent first-order decay with the same time constant τ as that of the electron and an amplitude determined by competition kinetics; however, for a sufficiently large additive concentration even this correction is unnecessary as the amplitude becomes negligibly small. Under these circumstances, a series of wavelength-dependent traces recorded with the same concentration directly yields the uncalibrated absorption spectrum of the radical anion as the cross section at a constant post-flash time.
Provided that on the timescale of the radical anion rise its decay can be approximated by a first-order rate law with the apparent rate constant k, the corrected absorption at wavelength λ divided by (A 0 − A ∞ ) at the reference wavelength λ ref equals the ratio r of molar absorption coefficients of the radical anion at λ and e Fig. 2a demonstrates that the experimental data at 365 nm, corresponding to the maximum of the BipyH • spectrum, can be fitted with r as the global parameter and local k. This system thus exhibits the expected Stern-Volmer behaviour, and through the described kinetic analysis at a single wavelength, the absorption spectrum is calibrated. Fig. 2b displays the result. We found a significantly lower molar absorption coefficient at maximum (ε 365 = 22 100 ± 600 M −1 cm −1 , average of 10 measurements with different concentrations of Bipy and/or e
•− aq ) than that reported in the literature (about 30 000 M −1 cm −1 ). 33 As can be perceived in Fig. 2a , the decrease of BipyH • is quite slow; many of the radical anions studied in this work were completely stable during the observation period, so for them, the described analysis was even simpler (k = 0 in the above formula). The derivative 2,2′-bipyridine-4,4′-dicarboxylate Bipy(COO − ) 2 is widely used as a ligand in highly efficient photovoltaic cells, where it acts as an anchor of ruthenium-based light harvesting compounds to a semiconductor surface. 35 The absorption of a photon transforms such a complex into its metal-to-ligand charge-transfer (MLCT) state, which is best described as possessing an oxidized metal atom and a radical-anion ligand. 36 A characterization of the radical anion should thus help understand the influence of the ligand on the overall photo process. Yet, only scarce experimental information about noncomplexed Bipy(COO − ) 2 can be found in the literature. From density-functional calculations, it was concluded that the carboxylic groups exert only an electron withdrawing effect with little consequence for the electronic and spectral properties. 37 We, therefore, assume that Bipy(COO ).
Examples illustrating the advantages of the method
2.2.1 Circumventing reactions that interfere with direct radical anion generation. The two compounds of this section, valerophenone VP and 2-hydroxy-2-methyl propiophenone HMP (for the molecular skeletons, see Fig. 3a ), serve as archetypal examples of substrates that decompose rapidly and efficiently through Norrish-II and Norrish-I processes upon the absorption of a photon. This property makes bimolecular quenching of their excited states not a very attractive route to their radical anions because it would dictate impractically high quencher concentrations to suppress the products of their monomolecular decay. A related case is provided by cinnamate with its extremely short-lived excited state, but will be dealt with in the next section because its radical anion is also very high-lying energetically.
The photophysics and photochemistry of VP in aqueous solution have been thoroughly studied, both experimentally 39 and computationally. 40 After excitation of VP, intersystem crossing occurs on a subnanosecond timescale; subsequently, intramolecular hydrogen abstraction (Fig. 3b) limits the lifetime of the triplet to about 50 ns. The resulting biradical ultimately affords cleavage and cyclization products. Johnston et al. 4 already utilized the capture of electrons ejected from 4,4′-dimethoxy stilbene in acetonitrile to obtain the uncalibrated spectrum of the valerophenone radical anion VP •− in that medium. Our ascorbate method is more than simply an extension to aqueous solution, because it simultaneously provides the electron scavenging rate, 1.85 × 10 10 M −1 s −1 , and the calibrated radical anion spectrum (ε 445 = 3700 M −1 cm −1 ) through Stern-Volmer analysis described in the preceding section. In water, the spectrum of VP •− (see, Fig. 3a ) is blue-shifted by 35 nm compared to acetonitrile, a solvatochromic effect reported for other carbonyl radical anions as well. 41 Control experiments without Asc 2− gave no detectable absorptions in the wavelength range of interest, which shows the spectrum of Fig. 3a to be free from contaminations by transients formed through direct excitation of VP. The popular polymerization initiator HMP has also been extensively investigated with regard to its photochemistry. 42, 43 In water, its triplet is again formed within subnanoseconds and decomposes on a timescale of some 40 ns by α-cleavage (Fig. 3b) to give the initiator species proper. (Fig. 1b) , which can be easily compensated for by raising the Asc 2− concentration until the desired sensitivity is reached; the latter decreases the amount of e with the slightly smaller molecular size compared to VP; as Fig. 3a shows, the spectral shapes and peak positions of HMP 45 as the key ingredient for a highly efficient catalytic cycle of green-light ionization. 21 To obtain the calibrated spectrum of the radical anion NDS •3− , two-laser experiments and a three-component spectral separation were necessary in our earlier study. Not only does the simplicity of our new procedure compare very favourably with this, but especially noticeable is that significant differences between the two spectra arise only at wavelengths where we previously had to apply massive corrections for perturbing absorptions by other species.
Cinnamate. The standard potential of cinnamate CA − (for the molecular formula, see Fig. 5 ) in water is unknown but can be approximated by that of styrene in dimethylformamide (−2.36 V) because the carboxylate substituent has a negligible Hammett constant. 46 In addition to the thermodynamic demands arising from this very negative potential, a photoinduced electron transfer to the excited state *CA − faces the competition with extremely rapid deactivation through cistrans isomerization.
The inset of Fig. 5 illustrates the virtual impossibility of generating the radical anion CA . We attribute this to rapid spin-allowed back electron transfer of the radical ion pairs, a general problem with electron-transfer quenching of singlet states. 48 In contrast, our ascorbate method easily allowed quantitative scavenging of e ascorbate approach turned out to be equally feasible, and gave practically the same rate constant of the reaction between e Fig. 6 ) to be nearly identical to that of the basic compound biphenyl (−2.31 V). 46 At the very high pH of our experiments, only the deprotonated form Bpc •2− of the radical anion is present. 51 Comparing the spectrum of Bpc •2− recorded with our ascorbate method ( Fig. 6) with the published one, 51 we found exactly the same intensity ratio of the maxima at 415 nm and 660 nm, 2.5 : 1, but were not able to confirm the-quite untypical-30 nm wide plateau around the former maximum, which might have been due to products of reactions with other species generated by the pulse radiolysis. We obtained a slightly higher molar absorption coefficient at 415 nm, ε 415 = 41 700 M −1 cm −1 vs. 
Isolated observation of subsequent reactions of radical anions. Many radical anions X
•− absorb in the visible range (see, for instance, Fig. 3-6 ). Provided that their parent molecules X are transparent in that region, as is the case for all the aforementioned compounds, the ascorbate method can be put to good use, with some generality, as the first block of a two-pulse-two-colour 21,30,52 experiment (355 nm-delay-λ vis ).
Because only X •− experiences the second pulse, its visible-light photochemistry can be studied in isolation by these experiments. Particularly convenient are the absence of time-dependent background signals and the precise knowledge of the concentration of X •− before the visible pulse.
As an example, we have selected the green-light ionization of Bpc
•2− because this process has previously been investigated by pulse radiolysis followed by a laser flash, 49 and because the calibrated spectrum of this radical anion already was the subject of the preceding section. with the UV-laser blocked or without Bpc − , we verified that the green flash alone has no effect on Bpc − , on Asc 2− , and on Asc •− . We further varied the concentration of Bpc •2− through the intensity of the first pulse (compare Fig. 1b) , and the turnover of the photoreaction of Bpc •2− through that of the second pulse. The results of these control experiments pinpoint Bpc •2− as the green-light source of e
•− aq . The intensity dependence of electron formation by the green pulse (see Fig. 7b ) exhibits a linear relationship with zero intercept at low intensities, which is clear evidence for a monophotonic ionization of Bpc
•2− , 29 and the typical saturation behaviour at high intensities. 21 The linear plot of e
•− aq formation against Bpc •2− bleaching with a slope of 1 (inset of the figure) establishes that the green-light ionization of Bpc
is not accompanied by side reactions, as we and others already found for this and other aryl radical anions. 18, 21, 49 To determine the quantum yield of the green-light ionization, we performed relative actinometry with the ruthenium-(tris)bipyridine dication as the reference, 17, 18 comparing the spectrophotometrically measured amount of e
•− aq produced by the green pulse with the 532 nm induced quantitative formation of the metal-to-ligand charge-transfer excited state of the complex, 46 monitored through its emission. We obtained a substantially higher quantum yield than reported earlier, 0.15 as opposed to 0.06, 49 but consider our new value more reliable for two reasons. First, we based our comparison on fits over the whole intensity range both for the ionization and for the reference, which avoids the uncertainties of single-point (i.e., at one excitation intensity only) actinometry. Second, both our calibration of the radical anion spectrum and our determination of the electron yield are based on the molar absorption coefficient of e
•− aq , so any uncertainty of this parameter (which was recently found to be significantly higher than previously thought) 28 is cancelled.
Application: detoxification of halogenated waste
Halogenated organic compounds present severe ecological problems because of their toxicity and persistence-hence, accumulation-in the environment. Approaches to their detoxification include oxidative or reductive dehalogenation by using microorganisms, enzymes, or metal complexes; 53, 54 recently, cleavage of the carbon-halogen bond by e
•− aq generated radiolytically or with UV-C light has received strongly growing attention. [8] [9] [10] [11] [12] To test the feasibility of our ascorbate method for this task, we selected the popular model compound chloroacetate ClCH 2 COO − , which to date is not known to be reducible through photoinduced electron transfer but reacts rapidly with the super-reductant e
•− aq in a dissociative electron transfer according to eqn (2).
A Stern-Volmer analysis of the electron decay as a function of the ClCH 2 COO − concentration (see Fig. 8 As workup, we decreased the pH to about 1.0 by adding the required amount of concentrated sulfuric acid to avoid the necessity of recording the NMR spectrum under an inert gas (because of the fast oxidation of ascorbate in strongly basic solution by molecular oxygen), 24 and to protonate any remaining starting material as well as products containing carboxylate and/or ascorbate residues. For product identification, we used authentic samples of reference compounds; for quantification, we took the integrals over the pertinent signals in spectra acquired with a sufficiently long relaxation delay. Relative to the starting solution (Fig. 9a) , the irradiation decreased the amount of ClCH 2 COO − by 76% and that of Asc 2− by 90% (Fig. 9b) , whereas control experiments established that ClCH 2 COO − is not decomposed under our irradiation conditions when no Asc 2− is present. The two main products can be unambiguously identified as acetic acid Aa (s, 1.97 ppm) and succinic acid Sa (s, 2.55 ppm). Taking into account the number of observed protons in each compound, the signal integration reveals that 53% of the acetate radicals dimerize to give Sa and 19% are converted to Aa. The formation of both products is known from studies with the UV-C/ sulfite route to e
•− aq ; there, however, the yield of Aa was considerably higher than that of Sa. 8 We ascribe the preference of the dimerization product to a much higher radical concentration in our experiments caused by the high energy density of our laser; hence, this process could probably be developed into another general method for the dimerization of alkyl halides in the sense of ref. 56 , but metal-free. Fig. 9c sums up the reaction pathways to the two main products. Not only is an ascorbate-derived species-that is, an excellent electron donor when present as the dianion Asc 2− , and a good hydrogen atom donor in its monoanionic formthe most plausible candidate for converting the acetate radical into the diamagnetic acetate anion, but this is also corroborated by the fact that the additional amount of Asc 2− consumed by this step, 1.19 × 76%, accounts quantitatively for the observed higher turnover of Asc 2− with respect to that of ClCH 2 COO − . This comparison also suggests that hardly any Asc 2− is lost by parasitic processes. Although an electron-transfer from Asc 2− to the acetate radical to give a stabilized carbanionic species that is subsequently protonated by the aqueous medium is conceivable, we consider a direct atom transfer from the monoanion, which is still present in a 1 mM concentration under our conditions, as more likely.
As is evident from Fig. 9b , further minor products of the dehalogenation process are numerous and possess complicated NMR spectra; besides, reference compounds for their identification are not commercially available. However, the results of this section already demonstrate that the ascorbate method is capable of detoxifying chloro-organics photochemically with UV-A light, which is much less likely to be absorbed by additives or a complex matrix than is UV-C. The application to perfluorinated compounds, which are known to be decomposed by e
•− aq generated from inorganic chemicals with UV-C light,
9-11 appears an especially promising extension.
Experimental section
Nanosecond laser flash photolysis experiments were carried out with a setup described elsewhere, 21 with detection of absorption and/or luminescence. For the ascorbate ionizations, we used a frequency-tripled (355 nm) Nd:YAG laser (Continuum SureLite III, 5 ns pulse width), and for the twopulse experiments of Fig. 7 another frequency-doubled (532 nm) such laser. All chemicals were obtained in the highest available purity and used as received: acetic acid (glacial), >99.8%, Merck; L(+)-ascorbic acid sodium salt, ≥99%, Carl Roth; benzoic acid p.a., >99%, VK Labor-und Feinchemikalien; biphenyl-4-carboxylic acid, 98%, Alfa Aesar; 2,2′-bipyridine, ≥99%, Aldrich; 2,2′-bipyridine-4,4′-dicarboxylic acid, 98%, Aldrich; chloroacetic acid sodium salt, 98%, Aldrich; cinnamic acid, >99%, Aldrich; deuterium oxide, 99.9% deuteration, Deutero GmbH; disodium 1,5-naphthalene disulfonate hydrate, >98%, TCI; 2-hydroxy-2-methyl propiophenone, 97%, Aldrich; rutheniumtris(bipyridine)dichloride hexahydrate, 99%, abcr; sodium hydroxide, 99%, Grüssing; succinic acid p.a., ≥99.5%, Aldrich; sulfuric acid, 98%, Carl Roth; valerophenone, 99%, Aldrich.
The solvent was Millipore MilliQ purified water (specific resistance, 18.2 MΩ cm). All solutions were purged with argon (5.0, Air Liquide) for at least 30 minutes before the start and for the whole duration of the experiments. Unless noted otherwise, the pH was 12.7 in all measurements. To avoid oxidation, the sodium ascorbate was always added to the already degassed solution in solid form directly before the measurements. Even when not mentioned explicitly in the main text, control experiments were carried out for every system to ensure that neither photoionization nor other photochemistry occurs without Asc 2− .
Steady-state absorption and fluorescence spectra were recorded on a Shimadzu UV-2102 spectrophotometer and a Perkin-Elmer LS 50B spectrometer.
The NMR experiments were carried out on a 400 MHz Varian 400 VNMRS spectrometer at 298 K. The intense water signal was suppressed by a PRESAT pulse sequence. Exactly equal volumes were used for the irradiated and the nonirradiated samples; for workup, to each sample was added the same small volume or amount of: first, concentrated sulfuric acid to adjust the pH; second, solid disodium 1,5-naphthalene disulfonate as the reference for quantifying the decrease of ClCH 2 COO − and the increase of Aa and Sa; and third, D 2 O (10% v/v in the final mixture) for shimming and locking.
Conclusions
As has emerged from this work, the ascorbate dianion Asc 2− is a very clean source of the hydrated electron e
•− aq through its near-UV photoionization: clean in the five-fold sense that this precursor is free from any health hazards; that a great many additives intended to react with e aq is an apparent first-order process. The last four of these properties result in a situation after the disappearance of e
•− aq where the system practically contains only the radical anions of the additives at a precisely defined concentration and in apparent isolation. Hence, calibrations of their spectra as well as mechanistic and kinetic studies of their subsequent reactions become extremely easy and reliable. Table 1 compiles the data obtained by this method.
In addition to examples of these uses, we have validated the exploitation of our method in the field of environmental chemistry; we envisage that it should be equally applicable to chemical syntheses involving dissociative electron transfer. 57 The simplicity of the procedure compares very favourably with radiolysis. Given the inexpensive, user-friendly precursor Asc 2− and the low price of current near-UV lasers, it should be within easy reach of every photochemical laboratory to produce the super-reductant e
•− aq with its favourably long natural life (≈ 2 μs) in amounts per laser pulse that are comparable to typical pulse radiolysis experiments (≈10 μM). Figure giving the structural formula and spectrum.
c At an ionic strength of 0.059 M.
